Optical anisotropy spectra of SiO 2 /Si(001) interfaces were theoretically investigated based on the sp 3 s* tight-binding calculation. In the spectra, we found three types of optical transitions originating from the E 1 and E 2 transitions of bulk Si, the interface Si-Si bonds, and the dangling-bond states at the interface. It was shown that the sign of these transitions oscillates during the layer-by-layer oxidation, which indicates that by counting the oscillation one can determine the layer thickness of oxidized Si layers in an atomic scale.
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On the other hand, the reflectance difference spectroscopy ͑RDS͒ is a useful in situ measurement to observe the electronic structures of surfaces/interfaces and their time evolution. [2] [3] [4] [5] Since the light penetrates deep into the Si substrate, i.e., an order of 10 3 Å, and the RDS observes the polarization difference between two perpendicular directions along the interface, the RDS can detect in principle the direction change of the inner interface bonds during the layerby-layer oxidation. However, this kind of study has never been performed yet. Once such measurement is performed, one can monitor the oxidation layer thickness in an atomic scale by counting the oscillation of the RDS signals, which is similar to the case of reflection high-energy electron diffraction ͑RHEED͒ in the epitaxial growth. From this viewpoint, in the present work, we calculate the optical anisotropy spectra of SiO 2 /Si(001) interfaces and their change during the layer-by-layer oxidation, and investigate the possibility of the RDS signal oscillation.
We assume that the SiO 2 layers have the quartz structure and adopt the interface model proposed by Kageshima and Shiraishi. 6 They showed by the first-principles calculation that the oxidation proceeds layer-by-layer to relax the strain in SiO 2 layers and produces the quartz-like-SiO 2 /Si interface. The real SiO 2 layers have amorphous-like glassy structures, which effects will be discussed later. The schematic pictures of the present interfaces are shown in Figs. 1͑a͒ and 1͑b͒, which we call hereafter the interfaces, A and B, respectively. It is noted that the interface, B, corresponds to the case when the monolayer oxidation is completed starting from the interface, A, and vice versa. Namely, these two interfaces alternatively appear during the layer-by-layer oxidation. For a convenience, the layers ͑bonds͒ are named as shown in the figures with the number, n, along ͓001͔ from the interface. In the case of the interface, A, for example, the Si-Si bonds in the odd-and even-numbered layers direct to ͓Ϫ110͔ and ͓110͔, respectively. The detailed atomic positions at these interfaces are taken from the first-principles calculation, 6 where the 10 The average values of SiO 2 and Si bulks are used for the on-site energies of Si atoms at the interface, the effect of which treatment will be discussed later. The optical anisotropy spectra, ⌬⌳ 2 , are calculated between ͓Ϫ110͔ and ͓110͔ directions based on the surface/interface linear response theory developed in our previous works, which details are described elsewhere. 7, 11, 12 In an ordinary three phase model, 5 ⌬⌳ 2 is often written as ⌬ 2 d, where ⌬ 2 is the difference of the imaginary part of interface dielectric function between ͓Ϫ110͔ and ͓110͔ directions and d is the effective layer thickness of the interface.
7 Figure 2 shows the calculated optical anisotropy spectra of SiO 2 /Si interfaces, A and B, together with the imaginary part of bulk Si dielectric function, 2 . To clarify the spectral origin, the contribution of respective layer is also shown with the layer number, n. We found that there exists the following three types of optical transitions in the calculated spectra below 8 eV; ͑i͒ the large and sharp spectral peaks are observed around 3.5 and 4.5 eV, which have energy-derivativeof-2 shapes. As seen in the figure, apart from the sign, the contributions of inner Si layers with nу2 are large at these energies and have a similar shape to 2 . Since the optical anisotropy spectra are obtained by summing up all these contributions, 7 we can say that these peaks appear due to the abrupt termination of bulk-like Si-Si bonds at the second layer and originate from the Si E 1 and E 2 transitions modulated by the presence of interface. Especially, the contributions of the nϭ2 and nϭ3 layers show small energy shifts from those of the nу4 layers, which fact produces the energy-derivative shapes. 7 The sign of the largest peak is determined by the direction of the second layer Si-Si bonds, which are along the ͓110͔ and ͓Ϫ110͔ for the interfaces, A and B, respectively. Moreover, it is noted that the E 2 feature is much enhanced compared to the E 1 one. This is probably because the E 1 and E 2 transitions, respectively, correspond to the electronic-state transitions along the ͑111͒ L and ͑001͒ X directions in the Si fcc Brillouine zone and thus the ͑001͒ interface largely affects on the latter transitions. ͑ii͒ The first (nϭ1) layer Si-Si bonds give the broad positive/negative contribution in a higher energy region from 5 to 7 eV for the interface, A/B. This is because the electronic states localized around such bonds have the characters of Si atoms in both SiO 2 and Si layers and the optical transitions originating from these states have the energies, respectively, lower and higher than the direct band gap energies of SiO 2 and Si, 8 and 3 eV. On the other hand, we note that the SiO 2 layers, for example the nϭ0 layer, have little contribution to the spectra, especially below 7 eV. This is because the SiO 2 has a large band gap energy of 8 eV and is so ionic that the polarization magnitude is generally small. ͑iii͒ In the case of the interface, B, in addition to the earlier-mentioned two types of transitions, another optical transitions are seen below 2 eV. The interface, B, has a number of dangling bonds around the nϭ1 layer and the electronic states localized around these bonds induce such transitions. Moreover, we note that such defective interface structures broaden the E 2 -related peak around 4.5 eV.
Roughly speaking, the spectra of the interfaces, A and B, have the similar shapes and the opposite signs in an energy region above 2 eV. This result indicates that when the interfaces, A and B, appear alternatively during the layer-by-layer oxidation the reflectance difference ͑RD͒ signals oscillate as shown in Fig. 3 , which is similar to the case of RHEED oscillation in the epitaxial layer-by-layer growth. Especially, such observation is apparently effective around 3.5/4.5 eV where the RD signal is large. In this case, the period of oscillation corresponds to the bilayer oxidation and one can know the number of oxidized layers by counting the oscillation.
Then we consider how the spectra vary when the on-site energies are changed for Si atoms at the interface. Since the second type of transition originates from the Si-Si bonds at the interface, such change induces the energy shift of this transition. When the on-site energies of bulk Si are used, for example, the Si-Si bonds at the interface resemble those in bulk Si. As a result, the second type of transition moves toward the lower energy side and partially cancels out the E 2 -related feature around 4.5 eV. On the other hand, when the on-site energies of SiO 2 are adopted, the transition energy simply increases and there is no change in the spectral features below 4.5 eV.
Finally, the conditions of observing the spectral oscillation is discussed. As seen in Fig. 2 , the optical anisotropy has the magnitude of a few tens of angstroms, which is comparable to that observed at the ZnSe/GaAs interface. 5, 12 Thus, from the magnitude viewpoint, the optical anisotropy at the SiO 2 /Si interface is observable. Then, since the RDS experiment is performed using the light incident on the surface, one should exclude from the observed spectra the contributions of the SiO 2 overlayers, which originate from the anisotropies in the bulk SiO 2 and its surface. However, it is known that the light absorption between 0.5 and 7.5 eV, which is the energy region of the present interest, is 10 Ϫ6 times smaller in glassy SiO 2 than in bulk Si, and the anisotropy of SiO 2 layers is extremely small. 13 In fact, Yasuda et al. found that there is no RD signals from SiO 2 , 4 and succeeded in measuring the RD spectra of ͑110͒, ͑311͒, and ͑001͒ SiO 2 /Si interfaces. 3, 4 Since they did not observe the time evolution of RD spectra, it is not clear which stage of oxidation the interfaces they used correspond to. However, they found the spectral features around the E 1 and E 2 transition energies of bulk Si, which is consistent with the present results. On the other hand, since the transitions found in this work originate not from SiO 2 layers but from Si layers and SiO 2 /Si interfaces, we can expect that the calculated spectral features do not depend on the detailed crystal structures of SiO 2 layers. In fact, by calculating the RD spectra of interfaces having various atom configurations, we found that the most relevant origin which broadens and weakens the spectra is the defects at the interface. However, as shown in Fig. 2 for the case of interface B, such broadenings decrease the spectral magnitude to at most a quarter of that of interface A, but do not lose the overall spectral features discussed in this letter.
The most important point is the structural uniformity of the interface because the coexistence of A and B interfaces cancels out the RD signals. Si͑001͒ surface has normally two kinds of domains, which are made of 2ϫ1 and 1ϫ2 reconstructions, and the domain size is typically of 1 m 2 much smaller than the typical RDS resolution of 1 mm 2 .
14 However, by treating the surface with the electromigration 14, 15 or by using the vicinal surfaces, 4 one can prepare the so-called single-domain surfaces about 90% of which are made of one kind of reconstruction. Considering that the layer-by-layer oxidation preserves the surface domain structures in the interface even after the oxidation, we can expect the RDS signal oscillation during the layer-by-layer oxidation when we start from these surfaces.
In summary, the optical anisotropy spectra of SiO 2 /Si(001) interfaces were calculated. We found the following three types of optical transitions: ͑i͒ the E 1 and E 2 transitions of bulk Si modulated by the interface around 3.5 and 4.5 eV, ͑ii͒ the transitions originating from the interface Si-Si bonds above 5 eV, and ͑iii͒ the transitions originating from the dangling-bond states at the interface below 2 eV. It was shown that the former two transitions change the spectral sign as the oxidation proceeds. Therefore, by monitoring these transitions, one can observe the spectral oscillation during the layer-by-layer oxidation, and by counting the oscillation one can determine the layer thickness of oxidized Si layers in an atomic scale. We hope that the experimental researches are performed to confirm the present prediction and the results are used to control the oxidation optically.
